Lattice mismatched layers of In x Ga 1−x As y Sb 1−y with band edge corresponding to a wavelength of 10.9 m have been grown on GaAs substrates using a self-graded compositionally organized near-equilibrium growth process based on quaternary melt thermochemistry. A variable composition quaternary acts as a buffer layer between the GaAs substrate and the final layer of uniform composition. Layers of a constant composition with thicknesses as high as 100 m have been achieved. The dislocation densities in the layers are as low as 8 ϫ 10 5 cm −2 even for a lattice mismatch of 13.08%. van der Pauw measurements showed room temperature electron mobility as high as 1.4ϫ 10 4 cm 2 / V s and carrier concentration of 4.2ϫ 10 16 cm −3 . With further optimization in the growth conditions and improvements in the material quality, the grown layers are expected to be suitable for infrared optoelectronics, high speed electronic devices, and magnetoresistive sensors.
The InSb-InAs system is an interesting III-V compound semiconductor for long cutoff wavelength infrared ͑IR͒ optoelectronic, high speed electronic, and galvanomagnetic devices. For these applications, epilayers of InAs x Sb 1−x have to be grown on lattice mismatched semi-insulating or IR transparent substrates such as GaAs and InP. Despite the large lattice mismatch ͑14.6%͒, semi-insulating ͑001͒ GaAs is considered as the best choice for the substrate material. There have been several reports on the growth of InAs x Sb 1−x / GaAs heterostructures by molecular beam epitaxy ͑MBE͒, 1,2 metal-organic chemical vapor deposition ͑MOCVD͒, 3, 4 and liquid phase epitaxy 5 ͑LPE͒ to produce InAsSb materials with cutoff wavelengths in the range of 8-12 m. Since the lattice mismatch between the InAs x Sb 1−x and GaAs is very large ͑7.2% ഛ a / a ഛ 14.6% ͒, the generation of misfit dislocations is inevitable and high quality material is usually difficult to obtain. The typical dislocation densities 2 observed in these films are of the order of 2.7ϫ 10 7 cm −2 . The dislocation densities have been found to decrease by using thick InAsSb graded and InSb buffer layers. 6 It has been established that dislocation density decreases significantly with increasing layer thickness, roughly by an order of magnitude for each micrometer of material grown. 7 Hence, the growth of thick epilayers is expected to be extremely beneficial in obtaining mismatched epilayers with lower dislocation densities. However, it is not possible to grow extremely thick layers using MBE and MOCVD. In this letter we have demonstrated that melt thermochemistries originally proposed and used by Dutta and Miller for growing bulk crystals of homogeneous ternary and quaternary alloys 8 can be appropriately employed to grow thick layers of uniform composition of desired ternaries and quaternaries on binary substrates ͑such as GaAs͒. Growth of thick layers of highly mismatched quaternary In x Ga 1−x As y Sb 1−y with a band edge corresponding to a wavelength of 10 m on GaAs substrates has been achieved. We have been able to grow these layers repeatedly with uniform composition and thicknesses up to 100 m. One of the interesting features observed in our growth experiments is the self-compositionally graded quaternary buffer layer between the substrate and the final layer ͑of uniform composition͒. This growth process has many advantages, such as the following: ͑a͒ The thickness of the layers is greater than 100 m ͑with high growth rates of 100 m/h͒, which is impossible to obtain using MBE or MOCVD. This thickness is sufficient to eliminate the influence of the lattice mismatch leading to dislocation densities that are considerably lower than those observed in similar systems ͑b͒ The cutoff wavelength of the layers does not change with thickness; i.e., the composition of the layers is constant in the growth direction, unlike in traditional solution based LPE grown layers. ͑c͒ Using this technique the composition of the layers can be accurately controlled by choosing specific growth temperatures and melt compositions. This letter presents the details of the growth and characterization of the grown layers.
In this epigrowth approach, a pseudoquaternary melt is synthesized from binaries InSb, GaSb, GaAs, and InAs used. The growth temperature and starting melt compositions are determined using the quaternary phase diagrams. 8, 9 Growth was carried out in a vertical LPE growth system. 10 During the growth experiments, a reducing atmosphere was maintained by a flow of 3% hydrogen-argon gas mixture. The substrates used were epiready semi-insulating ͑001͒ GaAs wafers of 1.5ϫ 1.5 cm 2 area ͑500 m thick͒ from Wafer Technology Ltd. LiCl-KCl eutectic mixture was used as an encapsulant which also helps in desorbing oxide from the substrate and melt prior to growth. 11 The growth temperature and the starting melt composition were chosen to be 540°C and In 0.96 Ga 0.04 As 0.01 Sb 0.99 , respectively, in order to obtain a final solid composition of In 0.95 Ga 0.05 As 0.15 Sb 0.85 using the theoretically calculated phase diagrams. 9 The melt consisted of polycrystalline 5N pure InSb and InAs purchased from Atomergic Chemetals Corporation. The melt was homogenized for 3 h at 540°C using accelerated crucible rotation ͑ACRT͒. 12 The temperature was then lowered at 1°C/h to crystallize approximately 100 m thickness of the epilayer and then cooled rapidly to room temperature. During the entire growth process the melt was subjected to ACRT to prevent constitutional supercooling and the formation of inclusions at the growth interface. Cross sections were cut from the grown samples to observe the interface. The Cameca SX-100 electron probe microanalysis ͑EPMA͒ instrument, also capable of backscattered electron imaging, was used for imaging the interface as well as for the compositional analysis of the grown layers. The quantitative compositional analysis could be obtained with an accuracy of 0.01 wt%. Excess elements such as In and Sb from the last to freeze top surface were removed by mechanical lapping. The top surface of the layer was lapped and polished to mirror finish using alumina slurries of 1 and 0.3 m size particles on nylon and velvet pads ͑from South Bay Technologies͒. The band gap was determined using a Nexus 870 Fourier transform infrared spectrometer ͑from Thermo-Nicolet Corporation͒. The dislocation densities on the surfaces of the grown epilayers were measured by observing the etch pits under an optical microscope. A dip in HCl: HNO 3 :H 2 O ͑6:1:6͒ ͑Ref. 13͒ solution for 15 min was used for etch pit delineation. Electron mobility and carrier concentration of the samples were determined by Hall effect measurements using the van der Pauw technique on an HEM 2000 instrument from EGK Company. Indium was used to make ohmic contacts to the sample. 14 The backscattered electron images of the epilayersubstrate interfaces and cross sections were analyzed. In initial studies, inclusions were observed at the growth interface. These inclusions were eliminated by using the salt to remove any native oxide on the surface of the substrate as well as by mixing the melt using ACRT. By using the optimized growth conditions ͑as discussed above͒, we routinely obtained interfaces that are extremely abrupt and free of any inclusions. The composition of the layer is found to be uniform for more than 100 m, which was verified by EPMA ͑Fig. 1͒ measured across a cross section of the sample. It is clear that the first to freeze region is a quaternary which slowly changes in composition until the final composition of the layer is reached. The composition of the final layer is In 0.95 Ga 0.05 As 0.15 Sb 0.85 , as expected from the phase diagram, and it remains constant for over 100 m. Thus, the quaternary transition region "self-organizes" itself to lead to the final composition of the layer after which the composition of the layer remains constant until the growth is terminated. The "self-formation" of a graded quaternary has also been observed in the MBE growth of InAs on GaP. 15 The growth rate used in our experiments were of the order of 100 m/h which is significantly high compared to conventional epitaxial growth techniques like MBE and MOCVD. Figure 2 shows the room temperature transmission spectrum for a typical grown layer. The approximate band edge 16 is at 10.9 m ͑corresponding to an energy band gap of 0.113 eV͒. However, for a more reliable estimate, the absorption coefficient was calculated from the experimental data on the absorption edge using the relation 17 expected for a direct band gap semiconductor, ␣ = A͑h − E g ͒ 1/2 . Here, ␣ is the absorption coefficient in cm −1 , is the incident photon frequency, and A is a constant depending on the electron and hole effective masses and the optical transition matrix element. Therefore, the band gap can be extrapolated as the linear intercept from the square of absorption coefficient for the incident photon energy above the fundamental absorption edge. The band gap calculated using this technique was 0.116 eV for In 0.95 Ga 0.05 As 0.15 Sb 0.85 / GaAs corresponding to a wavelength of 10.6 m. Shim et al. 18 predicted the band gaps and lattice constants of In x Ga 1−x As y Sb 1−y compounds for all x and y using correlated expansion functions. Their calculations yield a band gap and lattice constant for In 0.95 Ga 0.05 As 0.15 Sb 0.85 of 0.119 eV ͑10.4 m͒ and 6.394 Å, respectively. The theoretical and experimentally measured values are found to be in good agreement.
Etch pit density measurements ͑Fig. 3͒ revealed dislocation densities of the order of 8.2ϫ 10 5 cm −2 . The mismatch between the layer and the substrate is 13.08%. This dislocation density is considerably lower than any values reported in the literature for similar lattice mismatch. 2 We attribute this extremely low value of dislocation density in our epilayers to two factors. The first is the presence of the compositionally graded quaternary buffer layer. It is well known that the quaternary compounds provide an extra degree of freedom in the choice of the lattice constant leading to lower stress in the layer and hence a reduced number of misfit dislocations. The second factor is the thickness of the layer. The dislocation density is known to be inversely proportional to the layer thickness. 7, 19 This reduction in dislocation density with increasing thickness is most likely due to defect annihilation through interaction and formation of closed loops. Additional studies on the dislocations and their propagation are a topic of future research.
The grown layers are found to be n type with a carrier concentration of 4.2ϫ 10 16 cm −3 which is substantially lower than epilayers with similar band gap grown using MBE ͑Ref. 2͒ and comparable to those grown by LPE. 5 The electron mobility is found to be 1.4ϫ 10 4 cm 2 / V s which is comparable to the observed values for layers grown using MBE ͑Ref. 2͒ and LPE ͑Ref. 5͒ for InAsSb compounds with similar cutoff wavelengths.
In summary, we have grown thick ͑up to 100 m͒ In 0.95 Ga 0.05 As 0.15 Sb 0.85 layers with uniform composition on GaAs substrates using a quaternary melt thermochemistry.
Compositionally graded self-organized buffer layers between the substrate and the final layers resulted in dislocation densities considerably lower than any values reported for epilayers grown with similar lattice mismatches. No specific efforts were made to change growth conditions ͑during epigrowth͒ to compositionally grade the buffer layers. Hence this growth scheme is extremely simple to implement and could be used for the growth of a variety of alloy semiconductors by appropriately selecting the growth temperature and melt composition. With further refinements in the growth conditions ͑buffer layer thicknesses, substrate misorientation, etc.͒, and resulting improvements in material quality, these In 0.95 Ga 0.05 As 0.15 Sb 0.85 / GaAs heterostructures could be useful in developing long wavelength infrared optoelectronic devices, high speed electronic devices, and magnetoresistive sensors.
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